Biochemical and genetic studies support the view that the majority of DNA double-strand breaks induced in the genome of higher eukaryotes by ionizing radiation are removed by two pathways of nonhomologous end joining (NHEJ) termed D-NHEJ and B-NHEJ. Whereas D-NHEJ depends on the activities of the DNA-dependent protein kinase and DNA ligase IV/ XRCC4, components of B-NHEJ have not been identified. Using extract fractionation, we show that the majority of DNA end joining activity in extracts of HeLa cells derives from DNA ligase III. DNA ligase III fractionates through two columns with the maximum in DNA end joining activity and its depletion from the extract causes loss of activity that can be recovered by the addition of purified enzyme. The same fractionation protocols provide evidence for an additional factor strongly enhancing DNA end joining and shifting the product spectrum from circles to multimers. An in vivo plasmid assay shows that DNA ligase IV-deficient mouse embryo fibroblasts retain significant DNA end joining activity that can be reduced by up to 80% by knocking down DNA ligase III using RNA interference. These in vivo and in vitro observations identify DNA ligase III as a candidate component for B-NHEJ and point to additional factors contributing to NHEJ efficiency. (Cancer Res 2005; 65(10): 4020-30) 
Introduction
Endogenous cellular processes and exogenous factors such as ionizing radiation generate double-strand breaks (DSB) in the DNA that undermine genomic integrity. Three enzymatically distinct processes, homology-directed repair, single-strand annealing, and nonhomologous end joining (NHEJ) can, in principle, repair DNA DSBs (1) (2) (3) (4) . In cells of higher eukaryotes, repair of ionizing radiation-induced DNA DSBs is dominated by NHEJ, which as a first approximation can be classified in two pathways. The first pathway, DNA-dependent protein kinase (DNA-PK)-dependent NHEJ (D-NHEJ), is responsible for a large proportion of the fast component of rejoining observed in wild-type cells and requires the activities of DNA-PK and DNA ligase IV/XRCC4. The second component, backup NHEJ (B-NHEJ), corresponds to the slow rejoining observed in wild-type cells, as well as to the majority of end joining in cells with defects in factors required for D-NHEJ and is supported by as of yet unidentified factors (5) (6) (7) .
Recent biochemical studies focus on the coordination between these pathways of NHEJ using as a model in vitro end joining by cell extracts of restriction endonuclease-linearized plasmid DNA. Efficient DNA end joining can be observed in vitro, which is inhibited by anti-Ku antibodies if DNA-PKcs is present (5) . Strong inhibition of DNA end joining is also mediated by wortmannin, an inhibitor of DNA-PKcs, in the presence but not in the absence of Ku (5, 7) . These results suggest that Ku and DNA-PKcs act in a coordinated manner to direct end joining to a DNA-PK-dependent pathway. On the other hand, efficient end joining is observed in extracts of cells lacking DNA-PKcs, as well as in Ku-depleted extracts in line with the operation of alternative pathways equivalent to B-NHEJ (5, 7) . It is thus conceivable that in vivo, DNA ends are quickly captured by Ku cooperating with DNA-PKcs and are directed to D-NHEJ for rapid joining, kinetically suppressing thus slower backup pathways such as B-NHEJ (5) . Alternative pathways of end joining such as B-NHEJ are expected to contribute significantly to the overall repair of DNA DSBs when components of D-NHEJ are either absent from the vicinity of the break, or genetically/chemically compromised, and may therefore contribute to genome maintenance and stability. Evidence in vivo and in vitro suggests that backup pathways of NHEJ are error prone, and that this characteristic is the cause of translocations leading to tumor induction in mice with defects in D-NHEJ (8) (9) (10) (11) (12) .
Despite the significance of backup pathways such as B-NHEJ in the repair of DNA DSBs and genomic stability, information on the factors involved is lacking. Here we report biochemical studies designed to characterize components of B-NHEJ. Using extract fractionation, we show that the majority of end joining activity in extracts of HeLa cells derives from DNA ligase III. The same fractionation protocols provide evidence for additional factors enhancing end joining. These observations and in vivo plasmid end joining results point to DNA ligase III as a candidate component of B-NHEJ.
Materials and Methods
Cell lines and extract preparation. HeLa cells were grown either as monolayer or suspension cultures in Joklik's modified MEM (S-MEM) supplemented with 5% bovine calf serum. 180BRM is a cell line derived in our laboratory from 180BR primary fibroblasts by transfection with plasmid pRNS-1 containing a replication deficient form of SV40 virus and the neo gene that confers resistance to G418 (70 Ag/mL). 180BRM cells have an extended life span that allows maintenance in culture under active growth for several months (30-40 passages) but are not truly immortalized. Primary 180BR fibroblasts were established from a patient with acute lymphoblastic leukemia who died from radiation morbidity (13) . The cells carry a homozygous, hypomorphic mutation in DNA ligase IV causing the substitution of His 278 for arginine (R278H) within a motif close to the conserved active lysine site (14, 15) . Although this mutation does not confer a null phenotype, 180BR cells are radiosensitive to killing and defective in the repair of DNA DSB (16 fetal bovine serum and antibiotics. Experiments were done either with whole cell extract (WCE) or with nuclear extract. For the preparation of HeLa cell extracts a 1-to 30-liter suspension of cells was grown in spinner flasks to 0.5 to 1 Â 10 6 cells/mL and collected by centrifugation. For 180BRM extract preparation, 100 dishes (100 mm, 20 mL growth medium, 0.5 Â 10 6 cells) were prepared and cells were allowed to grow up to f5 Â 10 6 cells per dish before harvesting by trypsinization. For further processing, cells from both cell lines were washed once in ice-cold PBS and subsequently in five packed cell volumes of cold hypotonic buffer [10 mmol/L HEPES (pH 7.5), 5 mmol/L KCl, 1.5 mmol/L MgCl 2 , 0.2 mmol/L phenylmethylsulfonyl fluoride (PMSF), and 0.5 mmol/L DTT]. The cell pellet was resuspended in two volumes of hypotonic buffer and after 10 minutes in ice, disrupted in a Dounce homogenizer (15 strokes with a ''B'' pestle). For the preparation of WCE, 3 mol/L KCl were slowly added to the homogenate to a final concentration of 0.5 mol/L KCl and after 30 minutes on ice, centrifuged for 40 minutes at 14,000 rpm at 4jC. To remove DNA from the extract, one tenth extract volume of DEAE Sepharose, equilibrated in dialysis buffer [25 mmol/L HEPES (pH 7.5), 100 mmol/L KCl, 1 mmol/L EDTA, 10% glycerol, 0.2 mmol/L PMSF, and 0.5 mmol/L DTT], was added and the mixture was gently rotated at 4jC for 30 minutes. Extract was cleared by centrifugation at 12,000 rpm for 20 minutes and dialyzed overnight in dialysis buffer. After centrifugation, aliquots of the extract were snap frozen and stored at À80jC.
For nuclear extract preparation, cells were homogenized as above and 3 mol/L KCl were slowly added to a final concentration of 50 mmol/L KCl. The extract was incubated for 10 minutes on ice and centrifuged for 30 minutes at 3,300 Â g at 4jC. Supernatant was collected as cytoplasmic extract. Nuclear pellet was resuspended in two packed nuclear volumes (pnv) of low salt buffer [20 mmol/L HEPES (pH 7.9), 20 mmol/L KCl, 1.5 mmol/L MgCl 2 , 0.2 mmol/L EDTA, 0.2 mmol/L PMSF, and 0.5 mmol/L DTT] and 1 pnv of high salt buffer [10 mmol/L HEPES (pH 7.5), 1.6 mol/L KCl, and 1.5 mmol/L MgCl 2 ] was slowly added to a final concentration of 400 mmol/L KCl. Extract was incubated for 30 minutes at 4jC under gentle shaking and centrifuged for 30 minutes at 50,000 Â g at 4jC. The supernatant was collected as nuclear extract. In some preparations of nuclear extract, DEAE Sepharose (0.1 volume) was added to remove DNA as described above for WCE, and subsequently nuclear extract was dialyzed overnight in dialysis buffer [20 mmol/L HEPES (pH 7.9), 10% to 20% glycerol, 100 mmol/L KCl, 0.2 mmol/L EDTA, 0.2 mmol/L PMSF, and 0.5 mmol/L DTT] before aliquoting, snap freezing, and storing at À80jC.
In a series of experiments designed to optimize end joining in nuclear extract, we observed extensive protein precipitation and loss of DNA end joining activity after dialysis in buffer containing 100 mmol/L KCl (see above), particularly when extract concentration was relatively high (3-6 mg/mL). This adverse effect was practically eliminated by dialyzing against 400 mM KCl, which was therefore adopted as routine preparation procedure in later experiments. Extracts prepared under these conditions are designated nuclear extract/high salt to indicate their dialysis against a high salt buffer. Finally, because DNA end joining activity remained partially bound on DEAE Sepharose used to remove DNA from nuclear extract, we chose to omit this step in more recent extract preparations. The outlined modifications resulted in quantitative rather than qualitative improvements in extract preparation and, with this in mind, results obtained using early or late preparations of extract can be compared with each other.
Extract fractionation. Fractionation of DNA end joining factors was achieved over a dsDNA-cellulose (Sigma, St. Louis, MO) followed by a Mono-S (Amersham Biosciences, Piscataway, NJ) column. Initial fractionations on dsDNA cellulose (5-10 mL volume, D = 1.6 cm) were carried out using 20 to 30 mL nuclear extract (50-150 mg) loaded at a flow rate of 0.5 mL/min after equilibration with buffer A [20 mmol/L HEPES (pH 7.9), 10% glycerol, 0.2 mmol/L EDTA, 0.2 mmol/L PMSF, and 0.5 mmol/L DTT] containing 100 mmol/L KCl. In addition to the flow through (peak I), fractions were collected after increasing, stepwise, KCl concentration to 250 mmol/L (peak II) and 750 mmol/L (peak III). Because the vast majority of activity bound the column and eluted in the 750 mmol/L step (peak III), later fractionations using nuclear extract/ high salt that was dialyzed against 400 mmol/L KCl to preserve activity (see above), were initiated by diluting nuclear extract/high salt with buffer A to 300 mmol/L KCl and loading to dsDNA cellulose column after equilibration at the same concentration of KCl. The flow through obtained under these conditions was designated peak I/II to maintain previous nomenclature. DNA end joining activity was again predominantly eluted at 750 mmol/L KCl (peak III). The end joining activity obtained with these two protocols was qualitatively equivalent, but quantitatively more overall activity was recovered with the latter protocol due to the higher initial activity of the nuclear extract/high salt.
Active fractions of peak III were pooled and dialyzed against buffer A containing 100 mmol/L KCl and loaded, at a flow rate of 0.5 mL/min, onto a 1 mL Mono S HR 5/5 column equilibrated in the same buffer. A linear gradient over 10 column volumes was applied up to 300 mmol/L KCl, followed by three stepwise increases to 500, 700, and 1,000 mmol/L KCl, each over 5 to 10 column volumes. Fractions obtained from all fractionation steps were tested for protein concentration using the Bradford assay (Bio-Rad, Hercules, CA), and for in vitro DNA end joining activity (see below).
Proteins and antibodies. Antibodies against DNA ligase III, clones 1F3, 4C11, 6G9, and a mouse polyclonal were from GeneTex (San Antonio, TX); a rabbit polyclonal antibody against DNA ligase IV, raised against the COOHterminal residues 550 to 844, from Acris (Hiddenhausen, Germany); a mouse monoclonal antibody against DNA ligase I, clone 10H5, from GeneTex; a mouse monoclonal antibody against Ku70, clone N3H10, from Kamiya Biomedical Co. (Seattle, WA); a mouse monoclonal antibody against Ku80, clone 111, from Kamiya Biomedical; a rabbit polyclonal antibody against DNA-PKcs, raised by an 11 residue synthetic peptide, from Calbiochem (La Jolla, CA); a rabbit polyclonal antibody, raised against the full length human XRCC4, from Acris; a mouse monoclonal antibody against PARP-1, clone C2-10, was from Sigma; and a mouse monoclonal antibody against XRCC1, clone 33-2-5, from Abcam (Cambridge, United Kingdom).
Western blot analysis and immunodepletion. For Western blot, cell extracts were electrophoresed on 10% SDS-polyacrylamide gels, transferred to a polyvinylidene difluoride membrane, and probed by the enhanced chemiluminescence-Plus kit as recommended by the manufacturer (Amersham Biosciences). Signal was detected using the ''Storm, '' the ''Typhoon'' (Amersham Biosciences), or the VersaDoc (Bio-Rad).
For DNA ligase III immunodepletion, 20 AL of anti DNA ligase III antibody, or normal human serum were added to 50 AL of protein A-Sepharose beads in 250 AL of DB buffer [20 mmol/L HEPES (pH 7.9), 100 mmol/L KCl, 20% glycerol, 0.2 mmol/L EDTA, 0.5 mmol/L DTT, and 0.5 mmol/L PMSF] with 50 Ag/mL bovine serum albumin (18) . Mixture was incubated under constant rotation at 4jC overnight. Subsequently, beads were washed thrice with dialysis buffer, and incubated with 100 to 200 AL HeLa or 180BRM WCE for 2 hours at 4jC. After centrifugation, the supernatants were used for quantification of depletion and DNA end joining, whereas the beads were washed thrice with dialysis buffer before analysis by Western blotting. When necessary, additional depletion cycles were carried out until depletion was nearly complete.
DNA end joining and DNA ligase assays. Supercoiled plasmid pSP65 (3 kb; Promega, Madison, WI) was prepared using CsCl 2 /EtBr gradients. It was used as a substrate in DNA end joining reactions following digestion with SalI to generate linearized DNA. Details have been presented elsewhere (5, 7) . DNA ligase III activity was measured according to published protocols with slight modifications (19) . DNA ligase IIIh was purified using methods and constructs as previously described (20) .
Digestion of DNA end joining products with nuclease S1. In some experiments, products of the end joining reaction were digested with Nuclease S1 from Aspergillus oryzae (EC 3.1.30.1; Roche, Nutley, NJ). DNA was incubated at 37jC for 30 minutes with the indicated amount of nuclease S1 in a buffer containing 33 mmol/L sodium acetate, 50 mmol/L NaCl, and 0.033 mmol/L ZnSO 4 (pH 4.5). Under these reaction conditions, nuclease S1 exerts exonucleolytic and endonucleolytic activity on ssDNA.
In vivo DNA end joining. To document a role for DNA ligase III in DNA end joining in vivo, we employed a recently developed fast-readout plasmid-rejoining assay using the plasmid pEGFP-Pem1-Ad2 (21) . The plasmid is a derivative of pEGFP-Pem1 (7,139 bp) that was generated by L. Li from pEGFP-N1 (Clontech, Palo Alto, CA) by interrupting the enhanced green fluorescent protein (EGFP) sequence with the Pem1 intron. It was constructed by inserting the wild-type adenoviral major late mRNA leader sequence (adenoviral exon 2, Ad2) into the polylinker site within the Pem1 intron of pEGFP-Pem1 after appropriate modifications to generate HindIII and I-SceI cutting sites, as well as splice sites on both sides of Ad2 (Fig. 6 ). In this configuration, the EGFP gene is normally disrupted by the Ad2 exon and therefore transfection of supercoiled plasmid generates no EGFP signal. When Ad2 is removed before transfection by digestion at both sides either with HindIII or I-SceI, EGFP activity can be recovered if the transfected cell possesses end joining activity to recircularize the linear plasmid. Partly digested plasmid that retains the Ad2 sequence generates no signal. In experiments reported here, the pEGFP-Pem1-Ad2 plasmid was digested with HindIII to remove Ad2 and generate cohesive ends with 4-bp 5V protruding single strands. Supercoiled pEGFP-Pem1 was used as a positive control to standardize the transfection and analysis conditions. The pDsRed2-N1 plasmid (Clontech) was cotransfected with either linearized pEGFP-Pem1-Ad2 or supercoiled pEGFP-Pem1 to evaluate the transfection efficiency. All plasmids were prepared in XL-1 blue cells and purified using either CsCl 2 /EtBr gradients, or the Qiagen Midi Plasmid purification kit. The HindIII linearized pEGFP-Pem1-Ad2 was purified by gel electrophoresis to remove the Ad2 fragment.
Plasmid rejoining was tested in LIG4 À/À MEF. The appropriate plasmids were transfected using the MEF1 nucleofector kit in the Nucleofector devise (Amaxa, Cologne, Germany) according to the instructions of the manufacturer. Typically, a suspension of 2 Â 10 6 cells was transfected by electroporation with 0.2 Ag pEGFP-Pem1, or HindIII linearized pEGFP-Pem1-Ad2 substrate, together with 0.2 Ag of the transfection efficiency marker pDsRed2-N1. Green (EGFP) and Red (DsRed) fluorescence were measured by flow cytometry 24 hours later. For this purpose, cells were trypsinized and resuspended in fresh growth medium at 10 6 per mL. Analysis was carried out in a Beckman Coulter Epics XL-MCL flow cytometer equipped with an argon ion laser emitting at 488 nm. Red fluorescence was collected at 540 nm with 740 V PMT gain, whereas green fluorescence at 490 nm with 490V PMT gain. Electronic compensation was 12.8% of green signal for red and 6.7% of red signal for green. Transfection with supercoiled pEGFP-Pem1 was used to calibrate the system. To include the transfection efficiency in the calculation of percent rejoining the EGFP + /dsRed + ratio was calculated and compared between treated and nontreated cells. Results have been confirmed in three or more independent experiments.
DNA ligase III knock down. RNA interference (RNAi) mediated by small interfering RNAs (siRNA) was used to knock down DNA ligase III (LIG3) in LIG4 À/À MEF. For this purpose, the sequences S1, GGAACAGATAAGC-CAGCAT (522 nucleotides downstream); S2, GCACAAAGATTGTCTGCTA (774 nucleotides downstream); S3, GGATGTGAAGGGTACATAT (1,989 nucleotides downstream), as well as the unique negative control duplex (OR-0030-neg05) were synthesized (Eurogentec, Ouree, Belgium) and tested by transfection with electroporation under the conditions described above using 5 Â 10 6 cells and 10 Ag LIG3 or control siRNA per transfection reaction. After transfection, cells were returned to normal growth conditions and the level of knock down evaluated at the indicated times by Western blotting. Whereas all sequences tested showed knock down activity, S2 was the most effective and was therefore primarily employed in further experiments. To test the effect of DNA ligase III knock down on DNA DSB repair, siRNA-treated cells were transfected with test and control plasmids as described above and rejoining efficiency was measured 24 hours later.
Results
Fractionation of DNA end joining activities from nuclear extract. In the course of the experiments described here, we observed loss of DNA end joining activity in the extracts which, we suspected, it was caused by protein precipitation during the last dialysis step of the standard preparation protocol (see Materials and Methods). Figure 1A shows that nondialyzed nuclear extract has a much higher DNA end joining activity than the same extract after dialysis against 100 mmol/L KCl. In fact, the activity measured with 2 Ag nondialyzed nuclear extract is approximately equivalent to that of 10 Ag nuclear extract dialyzed against 100 mmol/L KCl. Importantly, when extract was dialyzed against 400 mmol/L KCl, a practically complete preservation of end joining activity was achieved. We observed that this modification in the dialysis conditions minimizes protein precipitation and thus maximizes the preservation of DNA end joining activity. This is illustrated by the Western blot for DNA ligase III shown in the top part of the figure. Nondialyzed nuclear extract and nuclear extract dialyzed against 400 mmol/L KCl have equivalent amounts of DNA ligase III. Nuclear extract dialyzed against 100 mmol/L KCl, on the other hand, has much reduced DNA ligase III levels, and a large amount of DNA ligase III can be found with the precipitated material. Dialysis is important for the retention of activity in the extracts during storage at À80jC. Below, experiments of earlier date use extracts (WCE or nuclear extract) prepared according to the standard protocol; whereas recent experiments use nuclear extract dialyzed against 400 mmol/L KCl (nuclear extract/high salt).
The goal of the present studies was the development of appropriate fractionation strategies for the purification and characterization of factors involved in DNA end joining. We reasoned that proteins involved in DNA end joining are likely to bind to DNA and tested therefore dsDNA cellulose, because preliminary experiments showed strong binding to this resin of DNA end joining factors. A fractionation scheme was developed for nuclear extract prepared under standard conditions that involves loading at 100 mmol/L KCl ( flow through; peak I) and elution at 250 mmol/L (peak II) and 750 mmol/L (peak III) KCl. For the fractionation of nuclear extract/high salt, KCl concentration in the extract is reduced to 300 mmol/L by dilution with buffer before loading, generating the combined peak I/II as flow through and peak III by elution at 750 mmol/L KCl (Fig. 1B and C) . Under all conditions, the majority of DNA end joining activity is recovered in the fractions of peak III ( Fig. 1D ; data not shown), which is therefore used for further fractionation. Fractions from peaks I, II, or I/II, alone or in combination with fractions from peak III, do not produce more than additive effects (data not shown), suggesting that peak III contains the essential DNA end joining factors. Because fraction III contains only about 3% of the input protein (Fig. 1B) , the scheme achieves a high degree of fractionation of DNA end joining activities.
Protein from active fractions of peak III was dialyzed, loaded on Mono-S, and eluted according to the scheme shown in Fig. 1B . Figure 2A shows a typical chromatogram. In addition to the flowthrough peak IIIA, protein peaks IIIB1 and IIIB2 elute within the 100 to 300 mmol/L KCl gradient, and peaks IIIC and IIID at the 500 and 700 mmol/L KCl steps, respectively. Peaks IIIA and IIIC do not contain DNA end joining activities, either when tested alone or when combined with other active fractions (data not shown). Peak IIIB1 shows a very low level of activity, whereas peak IIIB2 is very active (Fig. 2B) . Fraction IIID is not active when tested alone (Fig. 2B) . However, when fraction IIID is combined with fractions of IIIB1 and particularly of IIIB2 peak an enhancement in DNA end joining activity is observed (Fig. 2C) . Notably, when combined with IIIB2, end joining activity increases steadily up to 0.5 AL IIID but drops sharply at higher concentrations suggesting that the active factor(s) in IIID has an optimum in its mode of action (Fig. 2C) .
SDS-PAGE and Western blotting were carried out in an effort to identify candidates for the activity observed in the above fractions and the results are summarized in Fig. 3A and B. A few dominant bands are visible in fractions IIIB1 and IIIB2, but only two or three prominent bands are seen in IIID (Fig. 3A) . Western blot analysis for the three known ligases and the components of DNA-PK show that DNA ligase I fractionates practically exclusively in peak I/II (Fig. 3B) . DNA ligase III fractionates from dsDNA cellulose practically exclusively in fraction III and from Mono-S in fraction IIIB2. The bulk of DNA ligase IV and XRCC4 is in dsDNA cellulose fraction I/II, but a considerable amount also binds the resin and elutes with fraction III; from Mono-S these proteins fractionate preferentially in IIIB1. Similar fractionation characteristics are also observed for DNA-PKcs. The majority of Ku70/Ku80 is, as expected, in fraction III, and shows preferential fractionation from Mono-S in IIIB1. On the other hand, PARP-1 and XRCC1 fractionate preferentially in IIIB2. Thus, all major components of D-NHEJ, DNA-PKcs, Ku, DNA ligase IV, and XRCC4, elute preferentially from Mono-S in IIIB1. The low amounts of activity observed in this fraction despite the presence of all these factors is consistent with the previously shown requirement for additional factors for efficient end joining (22) (23) (24) . Notably, the majority of DNA end joining activity fractionates in IIIB2 together with DNA ligase III, PARP-1, and XRCC1.
DNA ligase III is involved in DNA end joining. The above fractionation and precipitation data implicate DNA ligase III in DNA end joining. To evaluate further a possible role for this ligase in DNA end joining, we studied the effect of antibodies raised against this protein in nonfractionated HeLa cell extracts. In contrast to reactions assembled with increasing amount of nonspecific immunoglobulin G or PBS (PBS data not shown), reactions assembled with the DNA ligase III-specific monoclonal antibodies 4C11, and 1F3 show substantial inhibition of DNA end joining with increasing antibody concentration (Fig. 4A ) . In addition, a mouse polyclonal antibody (pAb) shows a strong inhibition of DNA end joining (Fig. 4A) . The strong and at times complete inhibition achieved with three different antibodies suggests a dominant role for DNA ligase III in DNA end joining under the reaction conditions employed here. On the other hand, the anti DNA ligase III monoclonal antibody 6G9 has no detectable effect on DNA end joining suggesting that the inhibition depends on the location of the epitope recognized by the antibody. Similar results were also obtained in reactions assembled with extracts prepared from 180BRM cells. Although these cells have reduced DNA ligase IV activity, they show nearly normal DNA end joining activity under the in vitro conditions employed here and are therefore a useful system for the evaluation of a possible effect DNA ligase III on DNA end joining because they reduce interference from DNA ligase IV (25) . Figure 4B shows that the mouse polyclonal anti-DNA ligase III antibody inhibits, practically completely, end joining in reactions assembled with WCE of 180BRM cells. An antibody against DNA ligase I (26) and a control antibody (mIgG) show no effect on DNA end joining (Fig. 4B) .
To confirm the role of DNA ligase III in DNA end joining, we immunodepleted DNA ligase III from WCE of HeLa and 180BRM cells using the mouse polyclonal antibody pAb. Figure 4C shows that DNA ligase III is undetectable in immunodepleted extracts of 180BRM cells, and Fig. 4D shows that DNA end joining is barely detectable in these extracts. To establish that depletion of DNA ligase III is the reason for DNA end joining activity loss, purified DNA ligase IIIh was added back to the reactions. Although, this form of DNA ligase III lacks the COOH-terminal BRCT domain and is therefore unable to interact with XRCC1, it has been shown to effectively substitute for DNA ligase IIIa in several assays (27) . The purity of the enzyme used is shown in Fig. 4E . Figure 4F shows that added DNA ligase IIIh in immunodepleted extracts of 180BRM cells completely restores DNA end joining activity. Although purified DNA ligase IIIh by itself shows end joining activity, the spectrum of products strongly shifts from open and supercoiled rings to linear multimers in DNA ligase III supplemented extracts. Similar results were also obtained with immunodepleted extracts of HeLa cells (see Fig. 4C and D) , although the inhibition of DNA end joining was in this case less pronounced, probably due to the presence in the extracts in addition to DNA ligase IV also of residual DNA ligase III (see Fig. 4C ).
DNA ligase III joins both DNA strands practically simultaneously. In the end joining assay employed here, open circles and multimers can be formed by joining only one strand of the participating double-stranded plasmid DNA molecules. It is, therefore, formally possible that the activity actually measured reflects single rather than double strand DNA joining, an activity commonly attributed to DNA ligase III (28) (29) (30) . We exploited the properties of nuclease S1 to test this possibility. Nuclease S1 is known to endonucleolytically and exonucleolytically digest ssDNA, and to preferentially cut double-stranded DNA opposite nick sites. We reasoned that if open circles and polymers produced in the end joining reaction derive from single-strand ligation, treatment with nuclease S1 should be able to digest opposite the remaining nick and regenerate the original substrate. If, on the other hand, open circles and polymers are generated by the joining of both DNA Figure 2 . Fractionation of DNA end joining activities over Mono S. A, typical chromatogramme of fractionation through Mono S of fraction III from dsDNA cellulose. The dashed line shows the steps in KCl concentration employed to generate the indicated fractions. B, DNA end joining activity of the indicated fractions from Mono S. Reactions were assembled with 1 AL of the indicated fraction. Numbers at the top of the gel indicate tested fractions, whereas those at the bottom of the gel the percent end joining measured. C, peak fractions IIIB1 (1 AL) and IIIB2 (0.2 AL) were tested for DNA end joining in reactions assembled with increasing amount of IIID (0.1-2 AL). Numbers at the top of the gel indicate tested fractions, whereas those at the bottom of the gel the percent end joining measured. Other details as in Fig. 1. strands, products of the reaction should show sensitivity to nuclease S1 similar to that of the unligated substrate. Figure 5A shows the substrate specificity of nuclease S1 under the conditions employed. SalI-linearized plasmid DNA used as substrate in the end joining reactions remains resistant to digestion up to 1 unit of enzyme. At higher levels of S1 activity, nonspecific digestion is observed giving rise to a low molecular weight smear. Supercoiled plasmid, on the other hand, is efficiently converted to the relaxed form at levels of S1 activity as low as 0.01 unit, presumably by endonucleolytic digestion at single-stranded areas transiently generated by negative supercoiling. Following this initial step that leads to the relaxation of the plasmid, a second specific cut opposite the nick generates linear molecules of substrate size at enzyme concentrations up to 1 unit per reaction. At higher enzyme concentrations nonspecific digestion occurs generating a low molecular weight smear. Similar results were also obtained when the relaxed form of pSP65 was purified and used as S1 substrate (data not shown). The above observations confirm the expected specificity of nuclease S1 under our reaction conditions and serve as a positive control for the following reactions.
Purified products of end joining reactions exposed to increasing amounts of nuclease S1 (Fig. 5B) are initially resistant to digestion, and when digestion occurs, a smear rather than the original substrate is generated. This is consistent with the absence of nicks at the sites of end joining and suggests that DNA ligase III joins both DNA strands when it forms higher order multimers.
Because the purified products tested in the above experiment were formed after a 1-hour end joining, it was possible that double-stranded joining occurred in two steps, well separated in time, each involving the independent joining of DNA single strands. To test this possibility, we allowed DNA end joining for periods of time between 2 and 20 minutes and tested nuclease S1 digestion of the products. We reasoned that if two, timely well-separated events, lead to the double strand DNA joining, the digestibility of the products will be high after short periods of incubation when only one of the two ligation events is likely to have taken place.
In these experiments, nuclease S1 treatment followed end joining without product purification and was initiated by first adding acetate to the end joining reaction mixture to establish optimal pH for nuclease S1 function, followed by incubation at 37jC for 30 minutes. In separate control experiments, we established that addition of acetate completely stops DNA end joining and that the substrate specificity of nuclease S1 is not altered by the components of the end joining buffer. Figure 5C shows the results of a typical experiment. There is no increased nuclease S1 sensitivity even when digestibility is tested after 2 minutes of end joining.
As a further test, end joining efficiency was measured in reactions where nuclease S1 up to 1 unit was included during the end joining reaction and was therefore able to act immediately after the first rejoining step, albeit under suboptimal digestion conditions. There was no detectable effect on the efficiency of end joining under these conditions, and higher concentrations of nuclease S1 (up to 100 units) only generated nonspecific substrate degradation (data not shown).
To examine whether the above indicated resistance of the DNA end joining products to nuclease S1 is partly due to traces of protein remaining bound on DNA after purification from the gel and despite treatment with proteinase E, we purified DNA from end joining reactions using phenol/chloroform extraction followed by ethanol precipitation. Subsequently, we separated the products from unligated substrate by gel electrophoresis and tested their nuclease S1 sensitivity. The results (not shown) are similar to those shown in Fig. 5B and indicate that blocking of the end joining site by remaining protein cannot be invoked to explain the observed resistance to nuclease S1.
The above results in aggregate are compatible with DNA ligase III joining the two strands of the DNA substrate during multimer production either simultaneously, or with a temporal separation of <1 minute; it therefore can be considered as being practically simultaneous.
Knock down of LIG3 in LIG4 À/À À/À mouse embryo fibroblasts compromises DNA end joining. The biochemical experiments described above suggest a role for DNA ligase III in the rejoining of DNA DSBs. Because DNA-PK-dependent end joining is thought to depend exclusively on DNA ligase IV, we postulated that DNA ligase III functions in backup pathways of NHEJ, such as B-NHEJ. To experimentally test this possibility, we introduced a plasmid DNA end joining assay similar to the one employed in the biochemical experiments described above but developed for direct reporting in vivo over EGFP expression (21) . Because the dominance of DNA ligase IV in vivo was expected to make it difficult to discern a role for DNA ligase III in wild type cells, we designed these experiments using LIG4
À/À MEF (17) . We reasoned that in the absence of DNA ligase IV, the dependence of DNA end joining on DNA ligase III would be more pronounced and that it could be experimentally shown by RNAi. Figure 6A shows the pEGFP-Pem1-Ad2 plasmid used in the experiments (21) . The plasmid is linearized by HindIII digestion that removes, when complete on both sides, the Ad2 exon and enables upon successful intracellular circularization EGFP expression that can be detected and quantitated by flow cytometry. Supercoiled pEGFP-Pem1 plasmid is used to evaluate the EGFP signal without requirement for rejoining, whereas the pDsRed2-N1 is used as transfection control. Figure 6B, panel 1 shows the autofluorescence of sham-transfected cells, whereas panels 2 and 3 the green and red fluorescence detected 24 hours after transfection with 0.2 Ag pEGFP-Pem1, or 0.2 Ag pDsRed2-N1, respectively. These flow cytometry measurements, which were carried out under the conditions outlined in Materials and Methods, allowed the setting of the indicated gates for the quantitative analysis of the following end joining results. Signals generated in cells transfected with both plasmids simultaneously and measured 24 hours later are shown in panel 4.
When LIG4 À/À MEF are transfected with linearized pEGFPPem1-Ad2, the signal shown in Fig. 6C, panel 3 is obtained. Although reduced compared with the signal generated by an equal amount of supercoiled pEGFP-Pem1 (Panel 1) it is clearly detectable suggesting considerable end joining efficiency in the absence of DNA ligase IV activity. To evaluate the contribution of DNA ligase III in this reaction, LIG4 À/À MEF were treated with LIG3 siRNA. The Western blot in Fig. 6D indicates efficient knock down of DNA ligase III to about 20% of LIG4 À/À MEF treated with a control siRNA sequence. Whereas the knock down efficiency varied from experiment to experiment, we consistently observed reductions in DNA ligase III level between 50% to 80%.
Whereas expression of EGFP from supercoiled pEGFP-Pem1 was not affected by treatment with LIG3 siRNA (Fig. 6C, panel 2) , the signal obtained with an equal amount of linearized pEGFPPem1-Ad2 was reduced by nearly 70% compared with cells treated with control siRNA (Fig. 6C, panel 4 and Fig. 6D ). In four independent experiments, a reduction in end joining between 40% and 70% was observed that correlated with the levels of DNA ligase III knock down in each of the experiments (50-80%). These results in aggregate provide direct support for an in vivo function of DNA ligase III in DSB end joining.
Discussion
The results described above identify DNA ligase III as the main activity contributing to the joining of plasmid DNA ends in extracts of HeLa and 180BR cells. Several observations support this conclusion: DNA ligase III fractionates with the maximum of DNA end joining activity through two columns and its immunodepletion causes a practically complete inhibition of Figure 4 . DNA ligase III is involved in vitro DNA end joining. A, the effect of antibodies raised against human DNA ligase III (4C11, 1F3, 6G9, pAb) was tested in DNA end joining reactions assembled with 10 Ag HeLa WCE. Antibodies at the indicated amounts were incubated for 10 minutes at 25jC in 10 AL NHEJ buffer and all reaction components, except DNA and ATP. Subsequently, 10 AL of the same buffer containing 0.25 Ag of substrate DNA and 2 mmol/L ATP were added to start the reaction. End joining was allowed to take place for 1 hour at 25jC. mIgG indicates an unrelated antibody used as control. The numbers at the bottom of the gel indicate percent end joining. B, similar to (A ) but for WCE from 180BRM cells (10 Ag). In addition to the mouse polyclonal antibody raised against human DNA ligase III (pAb), an unrelated antibody (mIgG) and a monoclonal antibody raised against DNA ligase I were tested. DNA end joining that is restored by purified, recombinant enzyme. In addition, the loss of end joining activity in crude cell extracts dialyzed in low salt buffers seems caused by precipitation of DNA ligase III (Fig. 1A) . Interestingly, the dependence of DNA end joining on DNA ligase III holds not only in the few fractions containing exclusively this ligase activity but also in the crude extracts, where other DNA ligase activities are present and could contribute to the overall effect.
The biological significance of these biochemical observations is corroborated by the in vivo results obtained using EGFP rescue in LIG4 À/À MEF. The 70% reduction in end joining activity after treatment with siRNA is in line with an involvement of this DNA ligase in DSB repair and makes it an excellent candidate factor for backup pathways of NHEJ. Although DNA ligase III is predominantly considered a component of single-strand break and base excision repair, where it interacts with XRCC1, PARP-1, and pol h (20, 31-34), our observations hint to a potential role in DNA DSB rejoining as well. The resistance of the reaction products to nuclease S1 after only minutes of end joining excludes simple SSB rejoining as the process leading to their formation. Thus, DNA ligase III may be a bona fide component of DNA DSB repair by NHEJ, where it may function either alone or together with XRCC1 and PARP-1. This is in line with the ability of the purified enzyme to ligate plasmid DNA under physiologic conditions (35) (36) (37) and is directly supported by recent in vivo and in vitro results (38) . Backup pathways of NHEJ operating independently of DNA ligase IV were also suggested by recent genetic experiments in Drosophila melanogaster and shown involved in the repair of DSBs induced either after exposure to radiation, or after excision of a P element on a DmRad51-deficient genetic background (39) . Evidence is thus mounting that NHEJ pathways operating independently of DNA-PK and DNA ligase IV operate in a variety of organisms (5, 7, 25, (40) (41) (42) . The results presented here and those of the recent report by Audebert et al. (38) further suggest potential role of DNA ligase III in these backup pathways.
Earlier reports have also provided circumstantial evidence for an involvement of DNA ligase III in DNA DSB rejoining. Fractionation of Xenopus extracts identified DNA ligase III in an active fraction, devoid of DNA-PK, that promoted an error-prone, microhomologydriven form of NHEJ (43) . These observation suggests similar roles for this ligase in a variety of organisms from Xenopus to man. In addition, reduction of DNA ligase III levels by antisense technology in human tumor cells reduces by 78% the DNA end joining activity of the corresponding extracts (37, 44) , in line with a role of DNA ligase III in DNA end joining under in vitro conditions. Furthermore, a mitochondrial form of DNA ligase III has been documented in human cells (44) and in Xenopus laevis oocytes (45) operating independently of XRCC1 (46) and synthesized from an alternative initiation site on the LIG3 cDNA. This form of DNA ligase III is the only detectable DNA ligase activity in the mitochondria of higher eukaryotes and its down regulation with anti sense oligonucleotides reduces DNA end joining activity in mitochondria extracts (37, 47) .
The above summarized observations corroborate our results and indicate that DNA ligase III plays a dominant role in DNA DSB rejoining in vitro, thus implying essential functions in vivo as well. Because in vivo DNA ligase IV is an integral component of the dominant DNA-PK-dependent pathway of NHEJ, D-NHEJ, DNA ligase III is likely to be involved in backup pathways such as B-NHEJ. However, because backup pathways of NHEJ may be suppressed by D-NHEJ (5, 7), the contribution of DNA ligase III in the process may not be easily discernible in cells with wildtype levels of D-NHEJ function. This probably explains why studies in cells with reduced levels of DNA ligase III, such as the EM9 mutant, fail to show reduced rejoining of DNA DSBs (48, 49) . In addition, in our in vivo experiments, a clear inhibition of DNA end joining after LIG3 knock down could only be documented in LIG4 À/À MEF (Fig. 6 ).
The dominance of DNA ligase III in DNA end joining in vitro is noteworthy vis-à-vis the dominance of DNA ligase IV under in vivo conditions and raises several important questions. It is not obvious by what mechanism a ligase with such dominant activity in DNA end joining in vitro relinquishes this dominant position to DNA ligase IV in vivo. This is particularly intriguing because DNA ligase III maintains dominance in DNA end joining even when other components of D-NHEJ such as DNA-PKcs, Ku, and XRCC4 are present in the extract and are, therefore, able to interact and cooperate with DNA ligase IV. Furthermore, the inhibitory effects of wortmannin and anti-Ku antibodies in vitro (5, 7) suggest that Figure 5 . Product formation during DNA end joining involves the ligation of both strands of the DNA substrate. A, the specificity of nuclease S1. Sal I cut pSP65 plasmid (250 ng, used as substrate for DNA end joining) and uncut pSP65 plasmid were incubated for 30 minutes at 37jC with increasing amount of nuclease S1 and separated by gel electrophoresis (see Materials and Methods). B, products of the reaction (first lane ) were purified from a preparative gel and incubated with increasing amounts of nuclease S1 for 30 minutes at 37jC. Reaction products were examined by gel electrophoresis. C, incubation with different amounts of nuclease S1 of DNA end joining reactions that were allowed to proceed for the indicated periods of time. DNA end joining was either stopped using the standard protocol (left), or with nuclease S1 buffer (pH 4.5; right ). The latter set of reactions was subsequently incubated for 30 minutes at room temperature with 1 unit nuclease S1 and treated with proteinase E, 0.5% SDS, and EDTA before fractionation by agarose gel electrophoresis.
these NHEJ factors exert at least partly their expected activities in DNA end joining, yet without detectably impeding the function of DNA ligase III. The simplest interpretation of this apparent discrepancy, that also considers the limitations of the in vitro assay, is that DNA ligase IV and the associated D-NHEJ factors operate optimally in the context of chromatin rather than in free DNA in solution. We have proposed a model in which the juxtaposition of DNA ends generated as a result of the DSB in the context of chromatin is invoked to explain the high efficiency of D-NHEJ in vivo, as well as some of the discrepancies in the kinetic characteristics between main and backup pathways in vivo and in vitro (5, 6, 41) . This chromatin based explanation is in line with the function of DNA ligase III in back-up pathways of NHEJ that have also been suggested from results obtained LIG4 À/À DT40 cells (50) .
The involvement of DNA ligase III in backup pathways of NHEJ does not only explain residual DNA DSB rejoining in cells with defects in DNA ligase IV but also hints to the possible involvement of DNA ligase III interacting proteins such as PARP-1 in the process. Indeed, there is circumstantial evidence for the involvement of PARP-1 in DNA DSB rejoining (51, 52) , but this involvement could not be conclusively and universally shown (53) (54) (55) . However, if the role of PARP-1 is limited to a contribution in backup pathways of NHEJ, it is easy to see why this contribution will be difficult to detect for as long as the primary pathways of end joining remain active. In addition, competition with other DNA lesions may mask this contribution when damage is induced by agents such as ionizing radiation that induce on top of DSBs over an order of magnitude more single-strand breaks and base damages that need to be repaired by the same system. Recent results suggest an involvement of PARP-1 in conjunction with DNA ligase III in the rejoining of DSB (38) , but a specific contribution to backup pathways of NHEJ has not been formally shown. It remains to be established how the balance between the DNA ligase IV and DNA ligase III-dependent pathways of NHEJ is maintained in the cell nucleus. Addressing these questions will likely be a fruitful area for future research.
Mammalian cells show an extraordinary ability to join transfected DNA maintained extrachromosomally, either by direct ligation or by using microhomologies (56, 57) . Our in vivo results (Fig. 6) suggest that in the absence of DNA ligase IV and probably also of D-NHEJ in general, this rejoining relies to a significant degree on DNA ligase III. Such involvement of DNA ligase III can explain the efficient end joining of transfected DNA in cells deficient in DNA-PKcs (12, 58, 59) , Ku (12, 60) , XRCC4 (12, 60) , or DNA ligase IV (12) and may help to understand the observed preference in the use of microhomologies in some of these mutants (12, 60) . It is also possible that in vitro experiments implicating Ku in the fidelity of end joining, as well as in the inhibition of the pathway using microhomologies (12, 18, 61, 62) have been carried Quantitative analysis considering signal intensity of the GAPDH loading control gives for this experiment a knock down effect of 78%. DNA rejoining of linearized pEGFP-Pem1-Ad2 in cells treated for 24 hours with LIG3 siRNA normalized to that of cells treated with control siRNA. In this experiment, 78% knock down of LIG3 caused a 70% reduction in the efficiency of rejoining. All measurements of rejoining efficiency were carried out 24 hours after transfection of the corresponding plasmids. Similar results were also obtained 48 hours later.
out under conditions favoring the function of DNA ligase III. Finally, although V(D)J recombination shows a stricter dependence than NHEJ on DNA-PK and DNA ligase IV/XRCC4, it can also use alternative, DNA-PK-independent pathways that rely on microhomologies for the formation of nonstandard V(D)J recombination products (12) . To the extent that this form of end joining can occur in the absence of DNA ligase IV, DNA ligase III is a potential candidate.
In summary, the results presented here identify DNA ligase III, which is unique to vertebrates, as the prevailing DNA end joining activity in extracts of human cells and provide direct evidence for a role in DNA end joining in vivo. Although this activity is inherent to the enzyme, it has not been unequivocally identified before in extracts of mammalian cells despite its significant contribution under optimized conditions of end joining. These observations raise the possibility that DNA ligase III functions in vivo in a backup pathway of DNA end joining (B-NHEJ), removing DNA DSBs when D-NHEJ is either inactive or unable to function. The dominance of DNA ligase III in DNA end joining in vitro is intriguing vis-à-vis the dominance of DNA ligase IV under in vivo conditions, and indicates that components of the D-NHEJ apparatus may have been optimized for function in the context of chromatin. Further genetic models will elucidate the potential role of DNA ligase III in backup pathways of NHEJ and will differentiate these backup pathways from of subpathways of D-NHEJ using DNA ligase IV (23, 24) .
